We present the high-resolution Chandra X-ray Observatory persistent (non-dip) spectrum of 4U 1916−05 which revealed narrow absorption lines from hydrogenic neon, magnesium, silicon, and sulfur, in addition to the previous identified hydrogenic and helium-like iron absorption lines. This makes 4U 1916−05 only the second of the classical X-ray dipper systems to show narrow absorption lines from elements other than iron. We propose two possible explanations for the small measured line widths ( 500-2000 km s −1 ), compared to the expected Keplerian velocities (> 1000 km s −1 ) of the accretion disk in this 50-min orbital period system, and lack of wavelength shifts ( 250 km s −1 ). First, the ionized absorber may be stationary. Alternatively, the line properties may measure the relative size of the emission region. From this hypothesis, we find that the emission region is constrained to be 0.25 times the radial extent of the absorber. Our results also imply that the ionized absorber spans a range of ionization parameters.
INTRODUCTION
It was anticipated that high-resolution spectra of lowmass X-ray binaries (LMXBs) would reveal a wealth of line features which could be used to better understand accretion disk structure, but such features have been largely absent in most Chandra X-ray Observatory and XMM-Newton spectra of LMXBs. One exception is the class of X-ray dippers. X-ray dippers show intensity dips, although not necessarily eclipses, on the orbital period and have inclination angles in the range 60
• <i<80
• . The dipping behavior is caused by absorption of the continuum by the accretion disk or its atmosphere.
The best studied of the X-ray dippers, the neutron star (NS) binary, EXO 0748−676 (P orb =3.8 hr), showed emission lines from the hydrogenic and helium-like species of nitrogen, oxygen, neon, magnesium, and silicon in its XMM and Chandra spectra (Cottam et al. 2001; Jimenez-Garate et al. 2003) . The XMM spectrum of the X-ray dipper MXB 1659−298 (P orb =7.1 hr) showed narrow absorption lines from highly ionized oxygen, neon, and iron, and a broad Fe-K emission line (Sidoli et al. 2001) . XMM data from four other dippers, X1624−490 (P orb =21.0 hr), 4U 1254−69 (P orb =3.9 hr), 4U 1916−05 (P orb =0.83 hr), and 4U 1323−62 (P orb =2.94 hr) revealed similar narrow iron absorption lines and some evidence for broad iron emission lines (Parmar et al. 2002; Boirin & Parmar 2003; Boirin et al. 2004 Boirin et al. , 2005 Church et al. 2005) .
The presence of these absorption features in X-ray dippers, but not in other LMXBs, has led to the suggestion that the absorbing material has a cylindrical distribution (e.g., Boirin et al. 2004) . The lack of variation in the properties of the absorption lines as a function of orbital phase, excluding the dipping region, implies an azimuthal symmetry (see, e.g., Boirin et al. 2004 , and references therein). This in turn points to some relationship between the accretion disk and the absorbing material.
In this paper, we present the high-resolution Chandra spectrum of 4U 1916−05, the shortest orbital period Xray dipper. The 50-min orbital period of 4U 1916−05 was discovered independently by White & Swank (1982) and Walter et al. (1982) from dips seen in the X-ray emission. The stability of the dip period over many years led the authors to associate it with the orbital period of the system (but also see, Chou et al. 2001; Homer et al. 2001; Retter et al. 2002) . The dipping behavior of 4U 1916−05 is variable on the order of ∼4 days, varying from short (≈10% of orbital phase), shallow dips to long (≈40% of orbital phase), deep dips (e.g., Chou et al. 2001) . Unique among the X-ray dippers, the 50-min orbital period of 4U 1916−05 places it in the class of ultracompact LMXBs which require hydrogen-deficient and/or degenerate donors (e.g., Joss et al. 1978) . It has been proposed that the companion is a hydrogen-deficient but not yet degenerate star (Nelson et al. 1986 ). Observational evidence points to a helium-rich donor. The X-ray burst properties of 4U 1916−05 suggest that the accreting material is helium-rich and that the distance to 4U 1916−05 is 8.9±1.3 kpc (Galloway et al. 2005, in prep.) . A recent optical spectrum of 4U 1916−05 shows a feature at 4540Å which may be due to He II (Nelemans & Jonker 2005) .
The non-dip spectrum can be fit with a power-law or power-law + blackbody model in the range 0.5-10 keV. Variations in the best-fit spectral parameters are correlated with the broad-band luminosity and the position of 4U 1916−05 in its color-color diagram (Bloser et al. 2000) . In addition, Asai et al. (2000) detected a broad (FWHM = 0.7 keV) emission feature in the ASCA spectrum at 5.9 keV with an equivalent width of 87 eV attributed to Fe-K emission. Highly ionized iron absorption lines were found in the XMM spectrum of 4U 1916−05 with marginal detections of other highly ionized features (e.g., Mg XII, S XVI; Boirin et al. 2004 ).
OBSERVATIONS AND DATA REDUCTION
We observed 4U 1916−05 on 2004 August 07 for 50 ks with Chandra using the High Energy Transmission Grating Spectrometer (HETGS) and the Advanced CCD Imaging Spectrometer (ACIS; Canizares et al. 2005) . The HETGS carries two transmission gratings: the Medium Energy Gratings (MEGs) with a range of 2.5-31Å (0.4-5.0 keV) and the High Energy Gratings (HEGs) with a range of 1.2-15Å (0.8-10.0 keV). The HETGS spectra are imaged by ACIS, an array of six CCD detectors. The HETGS/ACIS combination provides both an undispersed (zeroth order) image and dispersed spectra from the gratings. The various orders overlap and are sorted using the intrinsic energy resolution of the ACIS CCDs. The first-order MEG (HEG) spectrum has a spectral resolution of ∆λ = 0.023Å (0.012Å). To reduce pileup, the observation used a subarray of 512 rows, yielding a frametime of 1.7 s. The "level 1" event files were processed using the CIAO v3.2 data analysis package 3 . The standard CIAO spectral reduction procedure was performed.
The combined MEG + HEG first order dispersed spectrum of 4U 1916−05 has an average count rate of 10.6±1.3 cts s −1 . During our observation, 4U 1916−05 showed only mild dipping behavior as well as two X-ray bursts (see Figure 1 ). In the analysis presented here, we focus only on the persistent (non-dip) emission from 4U 1916−05. We inspected the lightcurve at times of expected dipping, using the dip ephemeris of Chou et al. (2001) . Of the 16 orbital cycles covered by our observation, only six showed statistically significant dipping behavior. These dips were centered on a phase of ≈ 0.15 and had width of ≈ 0.15 in phase. To produce our persistent (non-dip) spectrum, we excluded data from phases 0.0-0.3 for all orbital cycles. In addition, we excluded data during the two X-ray bursts. We filtered the level 2 event file, yielding a persistent (non-dip, non-burst) exposure time of 31 ks. We then extracted source and background spectra for both the plus and minus first order MEG and HEG. Detector response files (RMFs and ARFs) were created for the four spectra using the standard CIAO tools.
For bright sources, pileup can be a problem for CCD detectors (see, e.g., Davis 2003) . We checked the dispersed spectra of 4U 1916−05 and found signs of pileup in the first order MEG spectrum. In dispersed spectra, pileup can affect only a limited wavelength range, particularly where the effective area of the instrument is the highest. In our observation, pileup was present between 2-10Å in the MEG plus and minus first orders. No pileup was found in the HEG spectra.
The spectral analysis was performed using ISIS (Houck & Denicola 2000) . The +1 and −1 order spectra were combined for the HEG and MEG respectively using the ISIS function combine datasets. This function is similar to summing the datasets, but more accurately takes into account the different responses for each dataset. We fit jointly the HEG spectra over the range 1.6-11.5Å and MEG spectra over the range 10.0-14.0Å.
3 http://asc.harvard.edu/ciao/
ANALYSIS AND RESULTS
An initial inspection of the spectrum of 4U 1916−05 revealed narrow absorption features at 12.1, 8.4, 6.2, and 4.7Å (see Figure 2 ), attributable to hydrogenic neon, magnesium, silicon, and sulfur. To determine the continuum model, we fit the spectrum ignoring regions around these lines as well as the Fe-K region at 1.8Å. We tested three different continuum models: power law, power law + blackbody, and power law + disk blackbody, all with interstellar absorption as described by the tbabs model using the abundances of Wilms et al. (2000) . Both the power law + blackbody and power law + disk blackbody models give better fits to the data than the power law alone (see Table 1 ). We take the power law + disk blackbody model as the continuum model, although we note that the choice of the power law + blackbody model would make little difference to our results. The absorbed 0.5-10 keV flux from 4U 1916−05 was 8.0 × 10 −10 erg cm −2 s −1 . Our best-fit model is significantly different from that found by Boirin et al. (2004) . But as noted by Boirin et al. (2004) , the limited energy range covered by XMM and Chandra make it difficult to determine a unique solution to the continuum fit. One interesting difference between our Chandra data and the XMM data, is the presence of an edge at 0.98 keV. Boirin et al. (2004) found that both the EPIC and RGS data were best-fit when an edge, with depth τ = 0.11 ± 0.03, was included. In contrast, the addition of an edge at 0.98 keV does not improve the chi-squared value of the continuum fit for the Chandra data. We find an upper limit of τ < 0.08 for the edge, barely consistent with the XMM result. The 0.5-10 keV luminosity of 4U 1916−05 was 9.0 × 10 36 erg s −1 , using a distance of 8.9 kpc, during the Chandra observation. This is ≈2 times greater than found during the XMM observation (Boirin et al. 2004) .
With the best-fit continuum model fixed, we fit the lines from Ne X, Mg XII, Si XIV, S XVI, Fe XXV, and Fe XXVI with Gaussian models to determine the line positions, widths, and fluxes. In addition, we determined the upper limits to the flux from the helium-like ions of neon, magnesium, silicon, and sulfur. For the upper limit measurements, we fixed the wavelength to those given in Behar & Netzer (2002) and we fixed the line width σ = 0.005Å. We marginally detected the helium-like ion of sulfur. The neon lines were covered by the MEG spectrum, while the rest of the lines were located in the HEG spectral region. The best-fit parameters are given in Table 2 and the spectra and best-fit models are shown in Figures 3 and 4 .
The line positions are consistent with the rest frame wavelengths of hydrogenic neon, magnesium, silicon, and sulfur, and hydrogenic and helium-like iron. This suggests that there is no bulk motion along our line of sight associated with the absorbing material. In addition, the measured line widths are comparable to, or less than, the instrument resolution (0.023Å for MEG, 0.012Å for HEG). Therefore, direct measurements of the velocity widths, or temperature, of the absorbing material are not possible with these data. The derived temperature limits range from < 4 × 10 8 K for Mg XII, to 1.2 ± 1.1 × 10 10 K for Fe XXVI.
From the best fit equivalent widths (EW), we can esti-mate the column density (N Z ) of the ions using the relationship between EW, N Z , and the transition oscillator strength f ij
where W λ is the EW in wavelength units and λ, the line wavelength, is given in cm units (Spitzer 1978) . The equation above is true only when a line is unsaturated, on the linear part of the curve of growth. For saturated lines, the exact relationship between EW and N Z becomes a more complicated function, and includes a dependence on the velocity of the ions. We used the oscillator strengths given by Verner et al. (1996) for the hydrogenic lines, and those of Behar & Netzer (2002) for the helium-like lines. Our results are given in Table 2 . If the lines are saturated, the values represent a lower limit to the column densities for each ion.
Comparing our results with those of Boirin et al. (2004) , we find that the iron line EWs are barely consistent within the errors. Our Fe XXVI EW is at the upper limit of the XMM result, while our Fe XXV EW is at the lower limit. It is possible that the greater luminosity of 4U 1916−05 during the Chandra observation has caused a real difference in the Fe XXV and Fe XXVI column densities, compared to the lower luminosity XMM data, but the difference is not significant enough to confirm this. The iron line widths found in the Chandra data are lower than the upper limits found in the XMM data owing to the higher resolution of the HETG compared to the EPIC pn. Our EW measurements for S XVI and Ne X are consistent with the values reported for the XMM data, but our Mg XII EW is significantly below the result of Boirin et al. (2004) . We note however that Boirin et al. (2004) concluded that their Mg XII detection was only marginal, therefore the difference between the Chandra and XMM results may not indicate a real change between the two observations. As in the other Xray dipper observations, we found no variation in the line parameters as a function of orbital phase (see Figure 5 ).
DISCUSSION
Our Chandra/HETGS observation of 4U 1916−05 revealed narrow, unresolved absorption lines in the persistent emission, attributable to hydrogenic neon, magnesium, silicon, and sulfur, in addition to the previous identified hydrogenic and helium-like iron absorption lines. This makes 4U 1916−05 only the second of the classical X-ray dipper systems to show narrow absorption lines from mid-Z elements (Boirin et al. 2004 , and references therein).
The properties of these lines is of particular interest for understanding the emission and absorption processes. With a 50 min orbital period, 4U 1916−05 is the shortest period X-ray dipper, and as such should have the smallest accretion disk. If the lines are associated with the accretion disk, they should have widths comparable to the expected Keplerian velocities in the disk. Assuming a 1.4-2.0 M ⊙ primary and a 0.1-0.15 M ⊙ secondary (see, e.g. Nelson et al. 1986 ), we can estimate the outer disk velocity assuming that the disk fills 70% of the primary Roche lobe. We find that the outer disk velocity should be in the range of 1000-1300 km s −1 , while the companion velocity should be 740-840 km s −1 . In all cases, the measured line widths are consistent with, or below, the instrument resolution. For Mg XII and Fe XXV, the upper limits on the line widths are less than the estimated outer disk velocity. Additionally, we measure no shift in the wavelength of the lines, ruling out a strong outflow. The S XVI line shows a slight shift (+0.004Å) but given that this is the least significant of our line detections and the possibility of systematic errors, we do not feel it is a significant result. We suggest two possible explanations for these results. First, the absorber could be static, producing the narrow lines and lack of wavelengths shifts. This however seems unlikely given the large quantities of angular momentum present in the system. Instead, we propose that the line properties are a measure of the emission properties, particularly the extent of the emission. In this case, we assume that the ionized absorber is associated with either the accretion disk or its atmosphere, as suggested by the implied cylindrical geometry (see e.g., Boirin et al. 2004 ). The rotation of the absorbing material is only measurable when it has a component along the line of sight to the emitter. If the bulk velocity is perpendicular to the line of sight, no velocity effects will be found in the absorption lines (excluding thermal or turbulent motions which we take as small compared to the Keplerian velocities in the disk). From the limits on the linewidths, we can calculate the maximum allowable radial extent of the emitter. We find that the X-ray emission region is 32000 km, assuming that the absorber is located at the outer edge of the accretion disk. This represents the maximum upper limit on the extent. We note that if the absorber is located at a smaller disk radius, the upper limit will be smaller, roughly 1/4 of the absorber radius.
Assuming that photoionization is the dominant ionization process for the absorbing material, we can estimate the ionization parameter, ξ = L/n e r 2 (Tarter et al. 1969) , from the ratio of the helium-like to hydrogenic column densities for each atomic species. We assume that the helium-like and hydrogenic ions are present at the same, single-valued ionization parameter. This is a simple approximation to the expected true state of the system in which the ions exist in different relative proportions over a range of ionization parameters.
We used XSTAR 4 to estimate the ion abundances as a function of ξ for an optically thin plasma, with constant number density and solar abundances. We note that while the companion in 4U 1916−05 is expected to be a hydrogen-deficient star, and solar abundances would therefore not apply, we found that varying the abundances made no significant difference in the helium-like to hydrogenic column density ratios for any element. The only XSTAR input that made a substantial difference in the inferred ionization parameters was the shape of the input spectrum. We tried three models, a power law with α = −1, a 10 keV bremsstrahlung, and a user defined model based on the continuum emission of 4U 1916−05.
We compared the XSTAR results with the column density ratios for neon, magnesium, silicon, sulfur, and iron as given in Table 2 . We note that these values are only valid if the lines are unsaturated. The limits for neon and magnesium are too high to provide any constraint on the ionization parameter. For silicon, we find log ξ 1.7-2.0 and for sulfur, log ξ = 1.5-3.3, given the error in the measurement and the variation in ξ with spectral model (highest values for the power law model, lower for the bremsstrahlung and user defined models). The most constraining result comes of course from the iron ratio, where we find log ξ = 3.50±0.13 for the bremsstrahlung model, 3.73±0.13 for the power law model, and 3.02±0.12 for the user defined model. This rough estimate would suggest that the iron absorption is found in a material with higher ionization than the lower Z elements. Our result is consistent with modeling of the ionized absorber in MXB 1658−298 which required a distribution of ionization parameters (Díaz Trigo et al. 2006) . This is of course expected since in a material ionized enough to contain helium-like and hydrogenic iron, the lower Z elements would be completely stripped. 
